Purpose: Our previous high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry study identified bladder cancer (BCA)-specific urine metabolites, including carnitine, acylcarnitines, and melatonin. The objective of the current study was to determine which metabolic pathways are perturbed in BCA, based on our previously identified urinary metabolome. Materials and Methods: A total of 135 primary BCA samples and 26 control tissue samples from healthy volunteers were analyzed. The association between specific urinary metabolites and their related encoding genes was analyzed. Results: Significant alterations in the carnitine-acylcarnitine and tryptophan metabolic pathways were detected in urine specimens from BCA patients compared to those of healthy controls. The expression of eight genes involved in the carnitine-acylcarnitine metabolic pathway (CPT1A, CPT1B, CPT1C, CPT2, SLC25A20, and CRAT) or tryptophan metabolism (TPH1 and IDO1) was assessed by RT-PCR in our BCA cohort (n=135). CPT1B, CPT1C, SLC25A20, CRAT, TPH1, and IOD1 were significantly downregulated in tumor tissues compared to normal bladder tissues (p<0.05 all) of patients with non-muscle invasive BCA, whereas CPT1B, CPT1C, CRAT, and TPH1 were downregulated in those with muscle invasive BCA (p<0.05), with no changes in IDO1 expression. Conclusion: Alterations in the expression of genes associated with the carnitine-acylcarnitine and tryptophan metabolic pathways, which were the most perturbed pathways in BCA, were determined.
INTRODUCTION
Among men, bladder cancer (BCA) is the seventh most common cancer worldwide and the fourth most common in developed countries. 1 Although cystoscopy and cytology are the standard diagnostic tools for BCA, cystoscopy has low sensitivity for high-grade superficial tumors [i.e., carcinoma in situ (CIS)] and cytology has poor sensitivity for low-grade tumors. 2, 3 Therefore, there is a growing interest in the development of new, noninvasive, and accurate methods for the detection of BCA.
Metabolic dysfunction has been implicated in a wide variety of human diseases including BCA. 4 Recent advances on tech-
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Won Tae , Jayoung Kim 7, 8 nological and data analysis have enabled the characterization of metabolites in biofluids. Metabolomics has been applied increasingly in the field of toxicology and biomarker research, 5, 6 in particular for cancer diagnosis. 7, 8 Growth and division of tumor cells are associated with an increase in the activity of a variety of metabolic pathways. Genes linked to altered cancer metabolism contribute to production and secretion of the cancer-specific metabolites into biofluids. 9 Recent studies reported that metabolites uniquely detected in urine samples from patients with BCA, not those in the matched non-cancer controls, could be a useful biomarker for BCA diagnosis and prognosis. 4, [10] [11] [12] Because the bladder serves as a temporary urine reservoir, analysis of urine metabolites could provide potential candidates of sensitive and specific biomarkers of BCA. 4, [10] [11] [12] In our previous study, we used a comprehensive mass spectrometry-based metabolomics approach to identify potential diagnostic biomarkers of BCA, employing 138 patients with BCA and 121 control subjects. 13 This previous analysis revealed twelve metabolites as potential biomarkers for the detection of BCA. They were carnitine, ovalerylcarnitine, glutarylcarnitine, octenoylcarnitine, decanoylcarnitine, succinate, pyruvate, oxoglutarate, phosphoenolpyruvate, trimethyllysine, melatonin, and acetyl-CoA. Carnitine has two key functions: 1) the transport of long-chain fatty acids (FAs) into the mitochondria, where they are oxidized to produce energy, and 2) the removal of toxic compounds to prevent their accumulation.
14 The carnitine-acylcarnitine metabolic pathway involves several enzymes, including carnitine palmitoyltransferase type 1 (CPT1) and carnitine acetyltransferase (CRAT). 15 CPT1, which has several isoforms including CPT1A, CPT1B, and CPT1C, is a mitochondrial enzyme that plays a role in FA import into mitochondria for β-oxidation. Loss of CPT1 leads to the impaired FA oxidation and contributes to the cancer-associated cachexia, which is characterized by progressive weight loss resulting from a reduction in adipose tissue and skeletal muscle. CRAT catalyzes the reversible conversion of acetyl-CoA into acetyl-carnitine. 15 Our earlier urinary metabolomics analysis showed the decreased urinary levels of melatonin in BCA patients compared to controls. 13 Melatonin, a derivative of tryptophan, enters to cells via glucose transporters and has a broad range of biological functions, including regulation of circadian rhythms and detoxification of free radicals. 16 Because of its antioxidant properties, melatonin is considered as a potential agent for the prevention and/or treatment of cancer. 16 Due to the limited metabolome databases, there have been few studies analyzing the metabolomics databases in the context of the related genes/proteins and biological pathways/ networks. The potential association between specific metabolites and their related tissue gene/protein expression in BCA remains unclear. An association between BCA-related metabolites and altered biochemical processes fundamental to BCA development and progression was proposed in a previous study, however, the findings were based on the limited experimental data of phase I/II metabolic enzymes (CYP1A1 and CY-P1B1). 4 In the present study, we assessed the relationship between the BCA-associated urinary metabolites and gene expression associated with relevant biological pathways using bladder tissues derived from BCA patients and controls.
MATERIALS AND METHODS

Ethics statement
The study protocol was approved by the Ethics Committee of Chungbuk National University, and written informed consent was obtained from each subject. The Institutional Review Board (IRB) of Chungbuk National University approved the protocols for the collection and analysis of samples (IRB approval number GR 2010-12-010).
Patients and tissue samples
A total of 135 primary BCA samples and 26 control tissue samples from healthy volunteers were analyzed. 120 of 135 BCA samples were overlapped between our previous studies 13 and the current one. The study included primary tumor samples from patients with histologically-verified transitional cell carcinoma treated at our institute. All tumors were macrodissected, typically within 15 minutes of surgical resection. Each BCA specimen was verified by pathological analysis of tissue samples from fresh frozen sections of transurethral resection or radical cystectomy specimens. Specimens were frozen in liquid nitrogen and stored at -80°C until use. Tumors were staged according to the 2002 TNM classification, 17 while they were graded according to the 1973 World Health Organization grad- ing system.
18
Extraction of RNA, synthesis of cDNA, and real-time PCR
Extraction of RNA and synthesis of cDNA, and real-time PCR were performed, as described previously. 19 The primers used for gene amplification are shown in Table 1 .
Data and statistical analysis
In this study, two pathways, the carnitine-acylcarnitine metabolic pathway and tryptophan metabolism pathway, were selected for further analysis. The metabolic pathways associated with the selected urinary metabolites were identified using KEGG pathways (http://www.genome.jp/kegg). The association between specific urinary metabolites and their related encoding genes was analyzed ( Table 2) . Differences between two groups were analyzed using the Mann-Whitney U test. All statistical analyses were performed using SPSS ® 21.0 software (SPSS Inc., Chicago, IL, USA), with p<0.05 considered statistically significant.
RESULTS
Baseline characteristics
The mean age of the 135 BCA patients was 65.9±12.62 years. Eighty-two (60.7%) patients had non-muscle invasive bladder cancer (NMIBC) and 53 (39.3%) had muscle invasive bladder cancer (MIBC). The baseline characteristics of the patients are shown in Table 3 .
Comparison of gene expression levels between NMIBC patients and controls
Our previous urinary metabolomics-based analysis 13 showed that patients with BCA had the elevated levels of urinary carnitine and several acylcarnitines, such as isovalerylcarnitine and octenoylcarnitine, and the decreased levels of urinary melatonin, glutarylcarnitine, and decanolycarnitine, compared to the control group. Bioinformatics analysis suggested that the levels of these metabolites may be altered mainly in two metabolic pathways, the carnitine-acylcarnitine metabolic pathway and the tryptophan metabolism. In order to quantify the expression levels of key genes in these two pathways, we performed qRT-PCR analysis using samples from 135 BCA patients (82 NMIBC and 53 MIBC) and 26 controls. Several key enzymes of the carnitine-acylcarnitine metabolic pathway or tryptophan pathway were selected for further validation (Table 2) .
CPT catalyzes the transfer of the acyl group of a FA to carnitine to allow its movement from the cytosol to mitochondria for oxidation. 20 Carnitine-acylcarnitine translocase (CACT, gene symbol: SLC25A29) plays a role in transporting both carnitine-FA complexes and carnitine across the inner mitochondrial membrane for beta-oxidation. 21 CRAT catalyzes the reaction of acetyl-CoA plus carnitine to CoA plus acetylcarnitine. 22 Tryptophan hydroxylase (TPH) is involved in the synthesis of the neurotransmitters serotonin and melatonin in tryptophan metabolism. 23 Indoleamine 2,3-dioxygenase (IDO) is involved in the degradation of tryptophan in the tryptophan metabolic pathway. 24 In the carnitine-acylcarnitine metabolic pathway, the mRNA expression levels of CPT1B and CPT1C, SLC25A20, and CRAT, but not CPT1A or CPT2, were significantly lower in NIMBC patients than in controls (p<0.05 each) ( Table 4 , Fig. 1 ). In the tryptophan metabolic pathway, the mRNA expression of TPH1 and IDO1 was significantly lower in NIMBC patients than in controls (p<0.05). 
Comparison of gene expression levels between MIBC patients and controls
Among the carnitine-acylcarnitine metabolic pathway-associated genes, the expression levels of CPT1B, CPT1C, and CRAT were significantly lower in MIBC tissues than those of controls (p<0.05) ( Table 4 , Fig. 1 ). No significant differences in the expression of CPT2 and SLC25A20 were observed between MIBC patients and controls. CPT1A expression was significantly higher in MIBC patients than in controls (p=0.008). Among tryptophan metabolism-associated genes, only TPH1, but not IDO1, was significantly downregulated in MIBC compared to controls (p=0.001).
Correlation analysis between urinary metabolites and tissue mRNA expression in 120 bladder cancer patients
Octenoylcarnitine, urinary metabolites, was positively correlated with CPT1A and SLC25A20 (r=0.250, p=0.006 and r= 0.255, p=0.005, respectively), while decanolylcarnitine was negatively correlated with CPT2 (r=-0.226, p=0.013). Other candidate urinary metabolites did not show any significant correlation with tissue RNA expression in BCA patients (Table 5) . 
DISCUSSION
Our previous study identified twelve urinary metabolites, including carnitine, and their derivatives and melatonin, as potential diagnostic biomarkers for BCA. 13 The following bioinformatics analysis showed that these metabolites were enriched in the carnitine-acylcarnitine or tryptophan metabolic pathways. Given that metabolic pathways and associated genes/ proteins/metabolites were altered in BCA, we next tested whether the expression levels of key genes involved in the carnitine-acylcarnitine metabolic pathway and tryptophan metabolism are also perturbed in bladder tissues obtained from patients with BCA.
A few studies have analyzed carnitine or carnitine metabolism-associated genes in BCA. Huang, et al. 11 performed a liquid chromatography (LC) mass spectrometry-based metabolomics analysis and showed that the level of urinary carnitine C9:1 was significantly decreased in patients with BCA, particularly in those with early BCA. However, the contribution and regulatory mechanism of the carnitine metabolic pathway to BCA remains unclear.
Increased urinary levels of tryptophan and it's metabolites have been reported in BCA. 10, 12 Alberice, et al. 10 showed that the levels of tryptophan and its related metabolite N-acetyltryptophan were significantly increased in the urine of patients with early BCA, and Pasikanti, et al. 12 showed elevated concentrations of tryptophan metabolites in the urine of BCA patients. Despite accumulating evidence supporting the importance of tryptophan and its urinary metabolites in bladder carcinogenesis, 25 the role of THP1, a key enzyme in tryptophan metabolism that catalyzes the conversion of tryptophan to serotonin and the depletion of tryptophan, in BCA has not been investigated to date. Our present data indicate that TPH1 levels are significantly decreased in patients with NMIBC and MIBC compared to controls. A tryptophan metabolite, melatonin, was also decreased in the urine of patients with BCA.
Metabolic profiling included high resolution spectroscopy, mainly nuclear magnetic resonance, and mass spectro-metry with LC or gas-chromatography. Because the final products of the metabolism of DNA, RNA, and protein are metabolites, the levels of metabolites may be a more accurate reflection of changes in metabolic activity than the levels of DNA, RNA, and protein. Therefore, metabolites could be important diagnostic markers because their levels may vary without significant changes in DNA, RNA, and protein levels, and metabolomics studies of BCA have been performed using urine, serum, and cancer tissues. 4, [10] [11] [12] 26, 27 Urinary biomarkers for the detection of BCA are attractive because of their direct contact to cancer and the noninvasive nature of urine collection. Consequently, there has been growing interest in urinary metabolomics for BCA detection. However, validating urinary metabolomics profiles in independent cohorts or using different methods, and determining their association with biological properties and specific disorders have been challenges that need to be resolved.
In this study, we proposed the possibility of the association between urinary metabolites and tissue mRNA expression in BCA in Fig. 2 . In the β-oxidation, carnitine and their carnitine derivatives are excreted in the urine from BCA tissue, because CPT1, CPT2, CACT mRNA expression associated with acyl-carnitine and carnitine metabolism were decreased. p53 is well known for its tumor suppressive functions and found to mutate in more than 50% MIBC. 28 Mutant p53 resulted in TGF-beta driven invasion and metastasis in cancer cells. 29 In this regard, Shariat, et al. 30 reported that TGF-beta level in patients with MIBC was significantly higher than that in patients with NMIBC and normal controls. Interestingly, inhibition of p53 increased carnitine palmitoyltransferase 1 activity and p53 regulates mitochondrial respiration.
31,32 Therefore, we suggest that the gene expression involved in carnitine-acylcarnitine pathway in NMIBC might be downregulated compared to MIBC. Similarly, CPT1A gene expression might be upregulated in MIBC compared to NMIBC. Additionally, the decreased TPH1 might lead to the inhibition of metabolizing the tryptophan pathway to target metabolite, melatonin, although the decreased TPH1 level might be associated with the reduced metabolite such as melatonin in tryptophan metabolism. A metabolite in the tryptophan metabolic pathway, acetyl CoA, is the last metabolite in the FA metabolism, the glycolysis metabolism and the tryptophan metabolism. In our present study, we found the increase of acetyl-CoA level, which might be caused by the activated FA and glycolysis metabolism. IDO1 encode the enzyme IDO in human. This enzyme is produced by macrophage and other immunoregulatory cells. 33 Elevation of IDO1 levels in bladder tumor cells might be associated with immune escape of tumor cells. In particular, in early tumorigenesis periods like NMIBC, the human immune systems may downregulate IDO1 and lead to the protection of cancer cells from immune response.
The present data generated by the use of metabolomics technologies may broaden our understanding of BCA. However, further data interpretation requires a rich integrated database of metabolome, transcriptome, and proteome, as well as systematic bioinformatics approach to confirm the biological function of metabolite candidates.
In conclusion, we showed that the expressions of genes involved in the carnitine-acylcarnitine and tryptophan pathways are associated with alterations in the levels of urinary metabolites in BCA patients. The present results may advance our understanding of the association between urinary metabolites and their related tissue gene expression in BCA.
